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E-mail address: jperez@ull.es (J.P. Pérez Trujillo).This study determines for the ﬁrst time Na, K, Ca, Mg, Fe, Cu, Zn, Mn, Sr, Li and Rb contents in wines from
the archipelagos of Madeira and Azores (Portugal). The greater part of the mean content for the different
parameters fell within the ranges described in the literature, except for sodium whose higher content
may be due to the effect of marine spray. ANOVA was used to establish the metals with signiﬁcant dif-
ferences in mean content between the wines from both archipelagos, between table and liquor wines
of Madeira, and between wines of Pico and Terceira Islands from the Azores archipelago. Principal com-
ponent analysis shows differences in the wines according to the wine-making process and/or the equip-
ment employed. Stepwise linear discriminant analysis achieves a good classiﬁcation and validation of
wines according to the archipelago of origin, and the island in the case of Azores wines.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The authentication of wines, and food products in general, is of
great interest to prevent fraud and to guarantee their origin and
quality. It is thus very important to determine the chemical com-
position of wines and to study the factors that inﬂuence their com-
position. With this aim several constituents such as the
conventional parameters, volatile compounds, aminoacids, metals,
etc., have been analysed.
Metals appear to be the best way to identify the geographical
origin due to their direct correlation with soil composition
(Medina, 1996). Moreover, knowledge of the metallic ion concen-
tration of wines is of interest because of their inﬂuence on the
wine-making process where metals such as potassium, calcium,
iron and copper can produce precipitates or cause cloudiness, the
low acceptance levels for some metals set by the international
community and, their importance in nutrition and their potentially
toxic effects.
However, the mineral composition of wines depends not only
on the soil composition where the vines were grown, but also on
growing practices (fertilisation, phytosanitary treatments, etc.),
technical equipment employed in the wineries (machinery, piping,
etc.), oenological practices (use of ﬁning agents, additives, etc.),
environmental contamination (cars, factories, etc.) and fraudulent
practices (use of forbidden chemicals) which could cause problems
in their authentication (Eschnauer, 1982).ll rights reserved.
+34 922318003.The application of pattern recognition techniques, such as prin-
cipal component analysis, cluster analysis, discriminant analysis,
etc., has been very useful in the task of authentication (Forina,
Armanino, Castino, & Ubigli, 1986). These techniques have been
applied to characterise wines from different regions of a country
such as France (Medina & Van Zeller, 1984), Italy (Moret, Scarponi,
& Cescon, 1994), Spain (Gonzálvez, Llorens, Cervera, Armenta, & de
la Guardia, 2009; Paneque, Alvarez, & Gómez, 2009), Germany
(Danzer, Calle, Thiel, & Reichenbächer, 1999), the Czech Republic
(Kment et al., 2005), Argentina (Fabani et al., 2010), or among dif-
ferent countries (Serapinas et al., 2008).
The Macaronesian region includes the archipelagos of Azores,
Madeira, the Canary Islands and Cape Verde, all of them of volcanic
origin, the three ﬁrst regions being producers of wines. The compo-
sition of wines from the Canary Islands has been established,
important differences of mean content being observed among the
wines from the different islands which has permitted their differ-
entiation according to their geographic origin (Barbaste, Medina,
Sarabia, Ortiz, & Pérez-Trujillo, 2002; Díaz, Conde, Estévez, Pérez
Olivero, & Pérez-Trujillo, 2003; Frías, Conde, Rodríguez Bencomo,
García, & Pérez-Trujillo, 2003; Pérez Trujillo, Barbaste, & Medina,
2003).
Contrarily, at present, no data is available in the literature about
the mineral content of bottled wines from Madeira and Azores
archipelagos bearing the certiﬁed labels of denomination of origin.
In Madeira, the main wine produced is liquor (fortiﬁed) wine,
which has been the traditional wine for the last three centuries,
playing an important role in the economy of the island. This wine
is elaborated with a partial alcoholic fermentation, between 4 and
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of wine (from dry to sweet), and with the subsequent addition of
alcohol to 18–20 vol.%. Subsequently the wine undergoes a process
called ‘‘estufagem” at a temperature of 50–55 C during a period of
90 days to ensure fast oxidation. This process takes place in old
wood casks or in cement containers. Finally it is aged in casks,
cuves inox or cement containers lined with epoxy resins. The pro-
duction of liquor wines in the Azores is very small and therefore
this type of wine has not been included in this study.
In the last 10 years, both in Madeira and in the Azores the elab-
oration of table wines has become increasingly important and their
production has increased accordingly. These wines, elaborated in
the usual way, without the addition of alcohol, have a lower alco-
holic degree, usually between 11.5 and 13.5 vol.%.
The aim of this work is to determine the content of 11 metals: K,
Na, Ca, Mg, Fe, Cu, Zn, Mn, Sr, Li and Rb in wines of the Madeira and
Azores archipelagos with a view to studying the levels of thesemet-
als and the risk of precipitations, to compare themwith other volca-
nic islands from the same area (Canaries) and typify these wines
using univariate and multivariate of data analysis techniques.2. Experimental
2.1. Samples
Sixty-four samples of liquor and table wines produced in 2005
and 2006 by Madeira and Azores Archipelagos wine cellars were
analysed. The distribution of samples was as follows: 28 samples
from the Azores Archipelago (14 samples from Pico Island, 13 sam-
ples from Terceira Island and one sample from Graciosa Island),
and 36 samples from Madeira, 15 of which were table wines and
21 were liquor wines. The alcoholic degree was 11.5–13.5% for
the table wines and 18–20% for liquor wines. Wines from Azores
had the appelation ‘‘Vinho Regional Açores”, table wine from
Madeira ‘‘Denominação de Origen Protegida Madeirense” and li-
quor wines from Madeira ‘‘Denominação de Origen Protegida
Madeira”.
Wines from the Standards Measurement and Testing Pro-
gramme (Community Bureau of Reference, Brussels, EU), BCR C
(dry white), BCR D (sweet) and BCR E (red) were routinely used
in order to perform quality control of measurement.
2.2. Reagents and solutions
All chemicals were of analytical grade. Stock solutions of each
metal Na, K, Ca, Mg, Fe, Cu, Zn, Mn, Sr, Li, and Rb 1000 ± 0.002
mg/l were from Panreac (Barcelona, Spain). Working standard
solutions were obtained by suitable dilution from stock solution.
Lithium chloride 99% as ionic suppressor from Fluka (Buchs, Swit-
zerland). Lanthanum chloride 99% as molecular suppressor from
Riedel de Haën (Seelze, Germany). Nitric acid 65% from Panreac.
Ultrapure water from Milli-Q system (Millipore, Bedford, USA)
with a conductivity of 18 MX was used throughout.
2.3. Apparatus
A CEMMDS-81D microwave oven, equipped with 12 Teﬂon PFA
and reaching an internal pressure of 830 kPa, was used for wine
sample digestion.
A Varian Spectra AA-10 Plus spectrophotometer was used for
metal determination involving atomic absorption spectrometry
(AAS) and atomic emission spectrometry (AES). It is equipped with
unielemental hollow cathode lamps, a Czerny-Turner type mono-
chromator, a Mark VI type gas-burner, a photomultiplier and a
deuterium lamp background correction system.2.4. Analytical procedures
Metals Na, K, Ca, Mg, Fe, Cu, Zn, and Mn were determined from
ASS using an air/acetylene ﬂame, and Sr using acetylene/nitrous
oxide ﬂame. Metals Li and Rb were measured from AES. Major ele-
ments (Na, K, Ca and Mg) were analysed by dilution of the wine
samples. For minor and trace elements (Fe, Cu, Zn, Mn, Sr, Li and
Rb), due to the matrix effect, the samples were previously digested
with nitric acid in a microwave oven. All results were the average
of triplicate measurements.
Wines from the Standards Measurement and Testing Pro-
gramme (Community Bureau of Reference, Brussels, EU), BCR C
(dry white), BCR D (sweet) and BCR E (red) were submitted to
the same digestion procedures.
2.5. Univariate analysis
Univariate characterisation of the wines by geographical origin
or type of wine was carried out based on Fisher’s weight (F) by
means of analysis of variance (one-way ANOVA) applied to com-
pare the mean values obtained among the different categories.
2.6. Multivariate analysis
A matrix was constructed with rows representing wine samples
and columns corresponding to metals Na, K, Ca, Mg, Fe, Cu, Zn, Mn,
Sr, Li and Rb. A data pretreatment was made in order to avoid the
differences in measurement units. Autoscaling is the most widely
used scaling technique. The result is a variable with zero mean
and a unit standard deviation (Kowalski & Bender, 1972).
Principal component analysis (PCA) was used to study the rela-
tionship between variables and observations, as well as recognis-
ing the data structure (Mardia, Kent, & Bibby, 1979).
Linear discriminant analysis (LDA) was used for classiﬁcation
purposes (Wold et al., 1984). Stepwise LDA was used to select
the more discriminant variables (Powers & Keith, 1968). Leave-
one-out cross validation test was used to validate the results of
classiﬁcation (Ramis-Ramos & García-Alvarez, 2001).
2.7. Software
Univariate and multivariate analyses were performed by means
of the statistical software package STATGRAPHICS Plus for Win-
dows 4.0 from Statistical Graphics Corporation. All data were auto-
scaled before use.3. Results and discussion
3.1. Mineral content of wine samples
The mean and the standard deviation for the metals K, Na, Ca,
Mg, Fe, Cu, Zn, Mn, Sr, Li and Rb in wines from the Azores and Ma-
deira Archipelagos, as well as signiﬁcant differences in mean con-
tent among both archipelagos are presented in Table 1.
The mean content for the majority of these metals in the wines
of both archipelagos are consistent with the values described in the
literature for those metals in other wines (Cabanis & Cabanis,
2000; Eschnauer, 1986; Greenouch, Longerich, & Jackson, 1997).
In the case of sodium the wines of Madeira and Azores yielded
higher values than those described in the greater part of the liter-
ature consulted, 3–30 mg/l (Jos, Moreno, González, & Repetto,
2004; Thiel & Danzer, 1997). However, the values found here are
similar to those observed in grapes from vines exposed to a consid-
erable inﬂuence of the sea, as in the present case (Frías, Pérez
Trujillo, Peña, & Conde, 2001; Salaha & Voudouri, 1991), so this
Table 1
Mean values and standard deviation of the different metals (mg l1) in Azores and






K 923 ± 217 936 ± 215 0.06 0.8053
Na 57.7 ± 30.5 51.0 ± 30.1 0.55 0.4612
Ca 80.5 ± 15.7 73.1 ± 23.8 1.99 0.1637
Mg 112.5 ± 41.8 101.2 ± 13.9 2.33 0.1324
Fe 1.55 ± 0.96 2.35 ± 1.37 6.92 0.0107
Cu 0.22 ± 0.41 0.63 ± 0.66 8.34 0.0053
Zn 0.63 ± 0.55 1.02 ± 0.60 7.19 0.0094
Mn 0.71 ± 0.22 1.93 ± 0.76 68.59 0.0000
Sr 0.76 ± 0.29 0.66 ± 0.25 2.24 0.1399
Lia 4.87 ± 4.83 3.92 ± 4.53 0.65 0.4239
Rb 2.69 ± 0.70 1.94 ± 0.64 19.63 0.0000
F = between-group and within group variances ratio. p = signiﬁcance level.
a lg l1.
Table 2
Mean values and standard deviation of the different metals (mg l1) of table and






K 1012 ± 302 882 ± 98 3.42 0.0731
Na 52.3 ± 24.0 50.1 ± 34.3 0.05 0.8293
Ca 89.3 ± 19.5 61.6 ± 19.7 17.40 0.0002
Mg 109.1 ± 12.6 95.5 ± 11.9 10.89 0.0023
Fe 1.42 ± 0.77 3.02 ± 1.33 17.33 0.0002
Cu 0.30 ± 0.35 0.86 ± 0.73 7.43 0.0100
Zn 0.88 ± 0.62 1.13 ± 0.56 1.57 0.2181
Mn 1.45 ± 0.84 2.27 ± 0.47 14.09 0.0007
Sr 0.62 ± 0.17 0.69 ± 0.30 0.76 0.3881
Lia 2.51 ± 2.14 4.93 ± 5.49 2.63 0.1143
Rb 2.57 ± 0.46 1.57 ± 0.26 68.73 0.0000
F = between-group and within group variances ratio. p = signiﬁcance level.
a lg l1.
Table 3
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can be also attributed to the effect of marine spray.
Iron can cause problems in wines, particularly when iron equip-
ment is used in the elaboration process. Sixty-two samples (97%) of
wines had a content lower than 5.0 mg/l, only two samples of li-
quor wines of Madeira having a content of 5.7 mg/l, far below
the 10 mg/l considered to be the minimum necessary to produce
ferric cloudiness (Ough, 1992).
Copper is another metal whose content could be affected by the
technology of the cellar (use of brass valves, etc.), as well as by
phytosanitary treatment against oidium. It is well known that cop-
per in a reductor atmosphere can originate cupric cloudiness
(Ough, 1992), and a high content can have toxic effects. For these
reasons the International Ofﬁce of Vine and Wine (OIV, 1990) rec-
ommended a maximum limit of 1 mg/l for this element. Although
some samples of Madeira wines exceed this limit, which could be
related with the technology of the cellar (use of brass valves, etc.),
or a particular phytosanitary treatment, the mean content of both
archipelagos, 0.22 mg/l Azores and 0.63 mg/l Madeira is lower than
the recommended maximum limit.
Zinc is also related with technological processes and the use of
certain phytosanitary products, being another metal for which the
OIV has established a maximum limit of 5 mg/l. All the analysed
wines showed a concentration below 3 mg/l.
If the results obtained for the wines of both archipelagos are
compared it can be observed that wines from Azores showed a
higher mean content in Na, Ca, Mg, Sr and Li and a lower content
in K than wines from Madeira, but these differences were not sig-
niﬁcant. On the contrary, wines fromMadeira showed a higher sig-
niﬁcant mean content in Fe, Cu, Zn and Mn, and a lower signiﬁcant
mean content in Rb than Azores wines. The ﬁrst three features are
related by equipment used in the elaboration processes.Mean values and standard deviation of the different metals (mg l1) in wines from






K 906 ± 292 943 ± 111 0.19 0.6703
Na 50.1 ± 14.0 53.5 ± 19.0 0.28 0.5994
Ca 74.3 ± 11.8 88.4 ± 16.3 6.69 0.0159
Mg 119.9 ± 49.8 106.4 ± 33.1 0.68 0.4169
Fe 1.66 ± 1.11 1.40 ± 0.84 0.49 0.4924
Cu 0.14 ± 0.14 0.31 ± 0.58 1.14 0.2964
Zn 0.57 ± 0.51 0.72 ± 0.61 0.52 0.4774
Mn 0.64 ± 0.17 0.81 ± 0.24 4.63 0.0414
Sr 0.70 ± 0.31 0.86 ± 0.22 2.60 0.1191
Lia 5.91 ± 5.25 4.05 ± 4.39 0.99 0.3297
Rb 2.36 ± 0.56 3.15 ± 0.44 16.09 0.0005
F = between-group and within group variances ratio. p = signiﬁcance level.
a lg l1.3.2. Comparison of the content in metals between table and liquor
wines from Madeira
The mean and the standard deviation for the different metals in
table and liquor wines from Madeira, and the signiﬁcant differ-
ences in mean content between both types of wines are presented
in Table 2.
As can be seen in Table 2 the potassium, sodium, zinc, strontium
and lithium metals did not show signiﬁcant differences in mean
content between both types of wines. However, calcium, magne-
sium and rubidium showed a higher signiﬁcant mean content in
the table wines, and iron, copper and manganese in the liquor
wines. These differences could be related with differences in solu-
bility of some metallic salts as a function of the alcoholic degree(Ca, Mg and Rb), and/or differences in the equipment used in the
elaboration of both types of wines due to the ‘‘stufagem” process
(Fe, Cu and Mn).
3.3. Comparison of the content in metals between the wines of Pico
and Terceira Islands, Azores archipelago
Pico and Terceira are the main islands producing wine in the
Azores archipelago. The mean and the standard deviation of the
different metals in wines from Pico and Terceira Islands, and the
signiﬁcant differences in mean content between both islands are
presented in Table 3.
As can be seen in the table, the majority of the ionic metals did
not show signiﬁcant differences in mean content between both is-
lands. Only calcium, manganese and rubidium showed a higher
signiﬁcant mean content in Terceira Island.
3.4. Comparison of the metallic content with those of wines from other
volcanic islands of the same area: Canary Islands
Taking into account the fact that the Canary Islands archipel-
ago is situated in the same area of the Atlantic as the Madeira
and Azores archipelagos, all three of volcanic origin, we considered
it worthwhile to compare the results obtained for the wines from
Madeira and the Azores with those from the Canaries.
For that purpose we have chosen the islands of La Palma,
Tenerife and Lanzarote because these are the islands with the
highest wine production in the Canary Islands, and because they
are situated in the western, central and eastern parts of the
Table 4








F p Sig. dif. p < 0.05
K 812 ± 328 967 ± 333 871 ± 358 2.47 0.087 –
Na 86.5 ± 40.0 50.8 ± 26.2 144.1 ± 36.7 50.0 0.000 1–2, 1–3, 2–3
Ca 68.6 ± 15.8 68.7 ± 12.0 69.5 ± 13.1 0.06 0.938 –
Mg 87.4 ± 17.3 68.9 ± 5.14 76.4 ± 12.6 18.9 0.000 1–2, 1–3
Fe 2.32 ± 0.92 2.57 ± 1.23 3.89 ± 1.96 28.4 0.000 1–3, 2–3
Cu 0.18 ± 0.23 0.15 ± 0.13 0.13 ± 0.11 0.98 0.376 –
Zn 0.62 ± 0.31 0.38 ± 0.32 0.38 ± 0.28 13.7 0.000 1–2, 1–3
Mn 1.12 ± 0.46 0.40 ± 0.13 0.84 ± 0.19 35.8 0.000 1–2, 1–3, 2–3
Sr 0.60 ± 0.22 1.19 ± 0.24 0.70 ± 0.29 63.8 0.000 1–2, 1–3, 2–3
Lia 6.70 ± 3.15 7.96 ± 3.76 18.86 ± 8.11 125.2 0.000 1–3, 2–3
Rb 2.12 ± 0.82 3.05 ± 0.88 0.22 ± 0.13 122.5 0.000 1–2, 1–3, 2–3
F = between-group and within group variances ratio. p = signiﬁcance level.
alg l1.
Table 5
Loading of the variables, eigenvalues % of variance and cumulative variance for each
principal component.







% Variance 47.94 17.08





















Fig. 1. Scores of the 64 samples of Madeira and Azores wines on the ﬁrst two
principal components (66.1% of the total variance). Madeira liquor samples inside
the circle.
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zarote: 20.6; Tenerife: 11.9 and La Palma: 1.77 millions years old).
In Table 4 we present the content in the different metals in
wines from the Canary Islands (Conde, Estévez, Rodríguez
Bencomo, García Montelongo, & Pérez-Trujillo, 2002; Díaz et al.,
2003; Frías et al., 2003).
Signiﬁcant differences can be observed in the mean values be-
tween the different Canary Islands for all the elements with the
exceptions of potassium, calcium and copper. Thus, the differences
in mean content among the different Canary Islands are greater
than between the islands of the Azores and even between the Ma-
deira and Azores archipelagos.
A comparison of the wines of the three archipelagos (data no
presented) reveals that potassium, calcium and strontium do not
present signiﬁcant differences in mean content among the three
archipelagos. Magnesium and manganese present signiﬁcant dif-
ferences in mean value among the wines of the three archipelagos,
with the maximum and minimum content, respectively, for the
Azores and the Canaries in the case of magnesium and, Madeira
and Azores in the case of manganese. Wines from Madeira show
a signiﬁcantly higher mean content than those from the other
archipelagos in copper and zinc, features related to the equipment
of the caves. Wines from the Azores show a signiﬁcantly higher
mean content in rubidium and a signiﬁcantly lower one in iron
than the wines from the other two archipelagos. Wines from the
Canary Islands show a mean content in sodium and lithium that
is signiﬁcantly higher than those of the wines from the other two
archipelagos. The content in sodium is high in all three archipela-
gos due to the effect of marine spray, but in the Canaries it is higher
than in the other archipelagos, which may be due to the fact that
the other two archipelagos have a wetter climate, with frequent
rains that wash the vines, lessening the effect of the marine spray.
3.5. Multivariate data analysis
3.5.1. Unsupervised techniques
Although some interesting information is obtained according to
the island of production by applying univariate analysis to the me-
tal contents of the Madeira and Azores wines, differentiation of the
wines is quite difﬁcult with a single direct observation. When PCA
was applied to the data matrix (64 samples and the more discrim-
inant features: Fe, Cu, Zn, Mn and Rb) a total of two Principal Com-
ponents (PC) were extracted with eigenvalues >1, which account
for 65.0% of the total variance of the system. Table 5 shows the
loading of each variable on each PC, and it can be seen that PC-1
(47.9% total variance) is mainly associated positively to manga-
nese, iron and copper, and PC-2 (17.1% total variance) shows higher
loading for zinc and rubidium.The plot of scores in the plane deﬁned by PC-1 and PC-2, Fig. 1,
shows that samples from Madeira are in the central and right parts
of the graph, the liquor wines of Madeira being the samples more
to the right (in the address of Fe, Cu and Mn), Terceira wines are in
the upper and left (in the address of Rb) and Pico samples in the
bottom and left parts. Thus, PC-1 separates samples according to
whether or not they have been submitted to the process of ‘‘estu-
fagem”. Thus, liquor wines of Madeira elaborated according to the
‘‘stufagem” process with positive scores tend to be separated from
table wines, with negative scores, both from Azores and from Ma-
deira. PC-2 tends to separate the samples of Terceira from those of
Pico.
3.5.2. Supervised techniques
Linear discriminant analysis (LDA) was applied to classify wines
according to archipelago, and island of origin in the case of Azores
wines, using the two following processes: (1) stepwise LDA that se-
lects the quantitative variables that enhance discrimination of the
groups established by the dependent variable using Lambda of
Wilks as the criterion; and (2) introduction of all independent vari-
Table 6
Recognition and prediction abilities using stepwise LDA and leave-one-out.
Archipelago Total samples Island Samples from Azores









Azores 96.4 92.9 Pico 100.0 92.9
Madeira 86.1 86.1 Terceira 100.0 84.6
Total 90.6 89.0 Total 100.0 88.9
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validation of these results was performed using leave-one-out
cross validation.
When the stepwise LDA was applied, using archipelago as fac-
tor, seven variables (Na, Ca, Cu, Zn, Mn, Sr and Li) were selected
and one statistically signiﬁcant discriminant function was ob-
tained. In this way, 90.6% of recognition ability and 89.0% of predic-
tion ability were obtained (Table 6). The results showed a higher
classiﬁcation and prediction abilities for Azores (96.4% and 92.9%,
respectively) than for Madeira (86.1%) wines.
When the stepwise LDA was applied to Azores samples, using
island as factor, ten variables (all of them except manganese) were
selected and one statistically signiﬁcant discriminant function was
obtained. In this way, 100% of recognition ability and 88.9% of pre-
diction ability were obtained (Table 6).
4. Conclusions
The content in 11 metals was determined for the ﬁrst time in 64
bottled wine samples belonging to the archipelagos of Azores and
Madeira, bearing certiﬁcation of the denomination of origin.
Wines from Madeira have a signiﬁcantly higher mean content
in Fe, Cu, Zn and Mn and a signiﬁcantly lower Rb content than
wines from Azores. These differences may be related with soil
composition, winery equipment and the elaboration process
employed.
Liquor wines from Madeira have a signiﬁcantly higher mean
content in Fe, Cu and Mn and a signiﬁcantly lower Ca, Mg and Rb
content than table wines, indicating that their content perhaps de-
pends on the equipment and/or the elaboration process
Wines from Terceira have a signiﬁcantly higher mean content in
Ca, Mn and Rb than wines from Pico. These differences appear to be
related to soil composition.
When PCA was applied to the total samples of Madeira and
Azores archipelago two principal components accounting for 65%
of the total variance could be extracted, and the ﬁrst PC showed
a tendency to differentiate samples of liquor wines from Madeira
from the remainder.
Stepwise linear discriminant analysis showed an acceptable de-
gree of recognition and prediction abilities for samples according
to the archipelago and island of origin.
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